The ability of RegCM4.5 using land surface scheme CLM4.5 to simulate the physical variables related to land surface state was investigated. The NCEP-NCAR reanalysis data for the period 1964-2003 were used to drive RegCM4.5 to simulate the land surface temperature, precipitation, soil moisture, latent heat flux, and surface evaporation. Based on observations and reanalysis data, a few land surface variables were analyzed over China. The results showed that some seasonal features of land surface temperature in summer and winter as well as its magnitude could be simulated well. The simulation of precipitation was sensitive to region and season. The model could, to a certain degree, simulate the seasonal migration of rainband in East China. The overall spatial distribution of the simulated soil moisture was better in winter than in summer. The simulation of latent heat flux was also better in winter. In summer, the latent heat flux bias mainly arose from surface evaporation bias in Northwest China, and it primarily arose from vegetation evapotranspiration bias in South China. In addition, the large latent heat flux bias in South China during summer was probably due to less precipitation generated in the model and poor representation of vegetation cover in this region.
Introduction
A regional climate model (RCM) usually has a higher resolution than a general circulation model (GCM); thus, it can better resolve the interaction between the atmosphere and land surface and effectively capture regional forcing, such as large bodies of water, surface vegetation, and complex topography which have a significant impact on local climate [1, 2] . Therefore, RCMs are among the most promising tools to simulate climate on the regional scale [3] . Based on BATS (Biosphere and Atmospheric Transfer System) and CLM3.5 (Community Land Model version 3.5), CLM4.5 (Community Land Model version 4.5) was developed and added as one of the land surface options for RegCM4.5 (Regional Climate Model version 4.5) which was released in 2016 [4] . As one of the important components of the climate system, land surface is a crucial surface of the atmospheric motion and has substantial influences on weather and climate change [5, 6] . Sometimes, it may even play a critical role in atmospheric circulation in some local region.
Using RegCM series of models, a great number of numerical simulations have been carried out in recent decades. Most of these studies focused on verifying the model capability for climate simulation, future climate projection, model sensitivity test, extreme climate events simulation, or examining some specific physical processes [7] [8] [9] [10] [11] . Giorgi [1] first conducted one-month numerical simulation over the western US with RegCM1, and he found that the model can successfully simulate the spatial distribution of temperature and precipitation. Aiming at exploring the interaction between orographic precipitation and the large-scale monsoon circulation, Wang and Chang [12] used RegCM3 to simulate the summer monsoon onset in South and Southeast Asia during the year 2000. Marcella and Eltahir [13] used RegCM3 to analyze surface temperature, surface albedo, short wave incident radiation, and water vapor pressure over Southwest Asia region and studied the role of land surface process in climate formation in semiarid regions. Using RegCM3, Zhang and Shi [14] obtained projected future climate in North China. They analyzed future change of temperature, precipitation, and extreme weather. Gao et al. [15] used RegCM4.4 to evaluate several rivers in China and found that the model can reproduce the climatological means, trends, and extremes very well. It should be noted that the regional climate modeling approach has been proved to be useful for improving our understanding of many climate processes, such as cloud-radiation forcing, cumulus convection, and land surface processes [16] [17] [18] .
For studies related to land surface physics, Zou and Xie [19] compared the impact of different land surface schemes on East Asia climate by applying CLM3. 5 and BATS in RegCM4 model for sensitivity test. Wang et al. [20] used RegCM4 to study the effects of different land surface schemes on precipitation simulation in the Tibetan Plateau. They found that the choice of land surface scheme had a significant impact on the simulation results. Some other researchers used RegCM2 and the high-resolution Regional Climate Model of the National Climate Center (RegCM-NCC) of China to study how vegetation cover change influences the future climate in China. The results indicate that the change of vegetation cover can modify the local circulation through its impact on the exchange of energy between the land and the atmosphere; consequently, precipitation and temperature are also modified due to the change of local circulation [21] . Compared with CLM3.5, a lot of changes have been made in parametrization schemes in CLM4.5 [22] . While representation of land surface is crucial in an atmospheric model, significant differences exist regarding the performance of the CLM series of models [23] . Several studies showed that the selection of a land surface scheme has a substantial impact on the simulation of the climate models [20, 24] , but there is no study evaluating the capability of RegCM4.5 coupled with CLM4.5, especially about the simulation of land surface physical variables. What about the ability of RegCM4.5 coupled with CLM4.5 to simulate land surface climate over China? This study is motivated by this gap, and we believe the result of this study can provide an important reference for future research with RegCM4.5 and CLM4.5. Besides, it may provide a good alternative option for future researchers when they need to study the regional land surface climate over China.
It has been found that RCMs exhibit different skill levels for different regions [25] . In the present study, NCEP-NCAR reanalysis data are used to drive RegCM4.5 to simulate the climate over China during the period 1964-2003. Based on reanalysis data, the simulation using RegCM4.5 coupled with CLM4.5 can be evaluated by analyzing the simulated land surface temperature, precipitation, soil moisture, latent heat flux, and surface evaporation with a few statistical parameters such as correlation coefficient, root mean square error (RMSE), and difference between simulation and observations (bias). The organization of the rest of this paper is as follows. An introduction to the model and experiments is described in Section 2. The description of the simulation results is given in Section 3, and the conclusions are given in Section 4. Figure 1 ). Our tests suggest that the Emanuel scheme is better for cumulus convection over both land and ocean, which is consistent with a previous study [23] . The hydrostatic dynamical core is used in the model dynamic framework, and the adopted physical parameterization schemes are listed in The observations of precipitation are from CN05.1 dataset, which is a set of grid data constructed based on more than 2400 surface observation stations in China [26] . Reanalysis data include CFSR (Climate Forecast System Reanalysis) land surface temperature, soil moisture, latent heat flux, and surface evaporation, as well as NASA (National Aeronautics and Space Administration) GLDAS (Global Land Data Assimilation System) soil moisture data. Figure 2 shows the mean land surface temperature in summer and winter over China from reanalysis, simulation, and their differences. By comparing Figure 2 (a) with Figure 2 (c), we can easily find that the spatial distribution of land surface temperature in China during summer is well simulated. The pattern correlation coefficient and RMSE are 0.93 and 3.2 ∘ C, respectively. The centers of the simulated maximum and minimum land surface temperature are generally consistent with the observations. According to Figure 2 (e), it can be seen that the simulated land surface temperature in summer still has large bias over some regions; for instance, large warm bias of more than 4 ∘ C can be found over the Tian Shan Mountains and the Kunlun Mountains and near the Sichuan Basin, while large cold bias of more than 6 ∘ C exists over the Tibetan Plateau. Nevertheless, the bias over most other regions is less than 3 ∘ C; particularly, there is generally no bias over Northeast China and North China. The comparison between Figures 2(b) and 2(d) indicates that the model can successfully reproduce some primary features of wintertime climate over China, such as large temperature gradient over the land and nearly west-east orientated contours of temperature in Central-East China and South China. It is also obvious (Figure 2 (f)) that the difference is smaller in winter than in summer, and the corresponding RMSE and correlation coefficient are 2.6 ∘ C and 0.99, respectively, though large warm bias can be found in South China. The model overall has better performance in simulating land surface temperature in winter than in summer.
Model and Experimental Design

Results and Discussion
Land Surface Temperature.
Precipitation.
For convenience, we adopted a classification of climatic zone in China from Li and Ding [27] : Northeast China (40
∘ E-120 ∘ E, mainly including Guangdong, Guangxi, and Hainan provinces), Southwest China (25 Table 2 lists the correlation coefficient, RMSE, and difference between the observations and simulations in each climatic zone during summer and winter. Figure 3 shows the observed and simulated mean precipitation in China during summer and winter. For the simulation of summertime precipitation, the RMSE and the correlation between observations and simulation are 196.3 mm and 0.68, respectively. Comparing Figure 3 (a) with Figure 3 (c), we can find that the simulated summertime precipitation is close to observations in Northeast China and Northwest China. From Table 2 , we learn that the difference between the simulated and observed precipitation over Northeast China in summer is −19.6 mm, and the corresponding RMSE and correlation coefficient are 55.9 mm and 0.85, respectively. For Northwest China, the difference between the simulated and observed precipitation, RMSE, and correlation coefficients are 29.9 mm, 61.7 mm, and 0.90, respectively. This reveals that the model has better capability in simulating summertime precipitation in Northeast China and Northwest China than other climatic zones.
However, the model failed to reproduce the aspect that precipitation over the southeast monsoon region is much more than that over the regions in the north during summer. The negative bias in South China is as large as 219.0 mm; as a result, another aspect that precipitation over some regions in South China is more than 750 mm is also not found in the simulation. Besides, in North China, a large positive bias of 108.4 mm and RMSE of 182.6 mm are also facts of unsatisfactory simulation. On the other hand, due to the lack of observations, the model tends to produce large biases in a broad area over the Tibetan Plateau. Because of the effect of large-scale topography, the model generated a spurious center of maximum precipitation over the Tibetan Plateau, which is consistent with the simulations conducted with previous versions of the model. This also accounts for the worse simulation of summertime precipitation pattern over Southwest China, with a correlation coefficient of 0.24. For wintertime precipitation, the correlation between the simulated and observed values is 0.30, and the RMSE is 59.4 mm. If we compare the patterns of the simulated and observed precipitation (Figures 3(b) and 3(d) ), we can notice that the model can generally simulate the location of maximum precipitation. The correlation coefficient for East China is as large as 0.89, and improvement is also obvious in Southwest China. The bias and RMSE over North China are 20.7 mm and 21.1 mm, which both are less compared with those of summertime simulation. However, the simulation of wintertime precipitation is worse than the simulation of summertime precipitation in Northwest China and Northeast China. Due to the large-scale precipitation scheme SUBEX can significantly improve the midlatitude rainfall simulation effect [28] ; however, South China region is located in the low latitudes; this may be the reason why the simulated bias of precipitation in the region is greater than that in other regions. Because the representation of clouds and cloudrelated processes remains extremely problematic [9] , the improvement of precipitation simulation is still one of the challenges of the regional climate model.
Compared with the previous studies of different versions of RegCM [23, [29] [30] [31] , it is found that, for the simulation of winter precipitation center, RegCM4.5 is better than RegCM3. Compared with the RegCM4.4 using CLM3.5, the simulation deviation of the precipitation by the RegCM4.5 using CLM4.5 is obviously smaller, and the spatial correlation coefficient of the simulated and observed precipitation in summer and winter is greater. In addition, compared with RegCM4.3 using land surface scheme BATSle, RegCM4.5 partly overcomes the problem that the simulated value of winter precipitation in Southwest China is significantly larger than the observed value. In summary, compared to the previous version of RegCM, the ability to simulate precipitation with RegCM4.5 using CLM4.5 has been significantly improved.
Due to the modulation from monsoon, the rainband in East China exhibits clearly seasonal north-south migration. In order to examine whether the model is able to reproduce this feature, we plotted a time-latitude cross section map of monthly mean precipitation (Figure 4 ). According to observation data (Figure 4(b) ), the rainband is south of 30 ∘ N before June. It gradually moves northward with enhanced precipitation, and two precipitation centers with the amount of precipitation over 250 mm appear in June. One of the centers is around 22
∘ N, where the strong rainfall was sustained until August, which reflects the impact from tropical synoptic systems such as typhoon and ITCZ over South China. The other center is around 29 ∘ N, representing the Mei-Yu front along the Yangtze-Huai River. After September, the rainband retreats southward. In our experiments, the seasonal migration is successfully simulated as clearly depicted in Figure 4 not even close to the observations. The simulated rainband is generally 3 degrees north of the observations. The simulated rainbands over South China and Yangtze-Huai River appear one month earlier than the observed ones, though the simulation of rainband over North China is relatively better. The onset, maturation, and break time of Asia summer monsoon, to a large degree, determine the distribution of seasonal precipitation [32] . This implies that further improvement is needed for the model in simulating the East Asia monsoon. Overall, the model is skillful in simulating the pattern and seasonal migration of precipitation over China.
Soil Moisture.
Wang [33] conducted offline simulation of soil moisture at 10 cm depth with CLM4.5. The results showed that the pattern of simulated 10 cm soil moisture is generally consistent with the observations. In this study, we followed their methods and carried out another offline simulation with CLM4.5 driven by atmospheric forcing data from Qian et al. 's [34] dataset. The simulation period is 1952-2003, in which the period 1952-1983 served as spinup time. By comparing our RegCM4.5-CLM4.5 simulation with offline simulation, we can evaluate the capability of the coupled model in simulating soil moisture. Figure 5 shows Figure 5 (c) shows that the offline simulated summertime soil moisture content in China generally increases from northwest to northeast and southeast, which matches the well-known summertime "two-wet, one-dry" pattern of soil moisture distribution in China very well. However, the coupled simulation failed to reproduce this pattern ( Figure 5(a) ). Nevertheless, the area with soil moisture greater than 0.25 in couple simulation is consistent with the observations in spite of the accuracy of the centers of the maximum/minimum soil moisture and the magnitude as well as the wet bias in the north of the Yellow River. The correlations between the coupled and offline simulations are 0.64 and 0.72 for summer and winter, and the corresponding RMSE of coupled simulation is 0.11 and 0.08, which indicates that the simulation for wintertime soil moisture is better than summer for the coupled model. In the following paragraphs, the coupled simulation for each climatic zone will be analyzed. Table 3 lists the bias, RMSE, and correlation coefficients calculated based on coupled and offline simulations for each climate zone. It can be learned that the coupled model can simulate the spatial distribution of soil moisture very well in Northwest China and Plateau Zone. But it has nearly no skill in Northeast China, South China, and Southwest China during summer because, even for their very small correlation coefficients, the significance tests with significance level of 0.01 still failed. In Northeast China, the correlation coefficient is even negative. In contrast, the pattern of soil moisture during winter from coupled simulation is more consistent with the offline simulations compared with summer. Regarding bias, Wang [33] evaluated it with CLM series of models and pointed out that there is a positive bias for the simulated soil moisture. It should be mentioned that all these evaluations are based on offline simulations, and thus the land-atmosphere interaction was not considered. Zhang et al. [35] analyzed the simulated soil moisture in China from 14 global oceanland-atmosphere coupled models and suggested that the bias from coupled model simulation arises from the bias of the simulated precipitation. Based on numerical experiments, Meng and Zheng [36] also found that precipitation generated by the model has a crucial impact on soil moisture because it is calculated based on the simulated precipitation. Therefore, the negative bias of the simulated precipitation in East China and South China (Table 2) probably accounts for the negative bias of simulated soil moisture. In addition, strong coupling between land and atmosphere in Northwest China where it is arid and semiarid region [37] probably is responsible for the large bias of soil moisture in Northwest China. However, these results are also related to the selection of cumulus convection parameterization scheme and the feedback mechanism of soil moisture and precipitation [17, 38] . In order to examine how the model can simulate the temporal variation of soil moisture, we calculated the correlation between the time series of simulated monthly mean soil moisture and that from NASA reanalysis for the period 1984-2003 (Table 4) . For North China and Northeast China, the corresponding correlations did not pass the significance test with the significance level of 0.01. In contrast, the correlation coefficients for South China and Northwest China are as large as 0.65 and 0.68. This indicates that the model has no skill in simulating temporal variation of monthly mean soil moisture in North China and Northeast China, but it is very skillful in South China and Northwest China. Figure 6 shows mean latent heat flux over China during summer and winter from simulation and reanalysis while In addition, the model bias is also large in summer, with a negative value of −25.6 W/m 2 . This reveals that spatial distribution of latent heat flux in South China is probably well simulated, but with systematic bias, especially that there is a large negative bias in summer. In spite of this, compared to the RegCM4.3 using land surface scheme BATS [39] , which has obviously larger simulation deviation of latent heat flux in Northeast China and Southwest China in summer and Southern China in winter, the simulation bias is significantly smaller with RegCM4.5 using CLM4.5. This shows that the ability of RegCM4.5 to simulate the latent heat flux in some areas has been improved partly.
Latent Heat Flux.
As latent heat flux comes from surface evaporation and evapotranspiration, in order to trace the source of the model bias in latent heat flux over China, especially over South China, we analyzed surface evaporation. Table 6 lists the bias, RMSE, and correlation coefficients of surface evaporation at each climatic zone. It can be seen that the RMSE and bias are very large in Southwest China and Plateau Zone during summer, and the correlation coefficient is −0.04 and 0.22, respectively, indicating that the model cannot successfully simulate surface evaporation during summer in these two climatic zones. For wintertime simulation, the correlation coefficients for South China and Northwest China are small, which means the model has lower capability in simulating the pattern of surface evaporation
there. As the model has negative precipitation bias over South China, it results in less soil moisture and thus less surface evaporation. The surface evaporation bias in South China is −3.2 W/m 2 which is only 12.5% of the latent heat flux bias there. However, the surface evaporation bias is 86.9% of the latent heat flux bias in North China, which indicates that the surface evaporation bias is the major contributor for the bias of the latent heat flux there.
As evapotranspiration is one of the key factors that has a major impact on the hydrological cycle and the evapotranspiration from canopy interception is nearly 10-30% of total precipitation [40, 41] , it is reasonable to consider the effect of evapotranspiration on latent heat flux bias. Though it is difficult to obtain observations of evapotranspiration, an acceptable alternate way is to use the difference between latent heat flux and surface evaporation as a proxy of evapotranspiration. By doing this, we obtained correlation coefficient and RMSE of evapotranspiration which are 0.80 and 19.6 W/m 2 for summer and 0.49 and 18.3 W/m 2 for winter. Table 7 lists the bias, RMSE, and correlation coefficients for each climatic zone during summer and winter. It is clear that the simulation of evapotranspiration in South China is not successful. The correlation coefficients for summer and winter are both only 0.12, and they are also not statistically significant given the significance level of 0.01. On the other hand, less precipitation and drier soil limit the canopy interception and evapotranspiration, which results in large RMSE in this zone than that in other zones. The RMSE is 37.1 W/m 2 in summer and 20.1 W/m 2 for winter. The evapotranspiration bias is 87.5% of latent heat flux bias, which supports our previous speculation that the latent heat flux bias is primarily attributable to the evapotranspiration bias, which is not the case for other zones.
In order to further analyze the possible reason for the cause of the evapotranspiration bias, Figure 8 shows distribution of 17 PFT (Plant Functional Types) from MODIS (Moderate Resolution Imaging Spectroradiometer) vegetation data which is the default option for vegetation cover used in RegCM4.5. Compared with the high-resolution map of vegetation distribution in China (http://www.nsii.org .cn/mapvege), it is clear that, even for a sophisticated land surface model like CLM4.5, the vegetation is still treated very roughly with substantial discrepancies. The mild climate and abundant precipitation determine that the dominant vegetation type in South China is broadleaf evergreen tree, and it is rainforest type for the coastal region in Guangdong and Guangxi provinces. These vegetation types have a larger canopy structure which makes it easy to intercept more precipitation and later give back to the atmosphere through evapotranspiration. And the special stomatal structure of this type of vegetation also facilitates more active evapotranspiration and more soil moisture can be absorbed by the root and then released back to the atmosphere thorough stoma. Some studies have already demonstrated that variation of vegetation can have a profound impact on the exchange of energy between land and atmosphere. Therefore, the failing of representation of the vegetation distribution in South China and negative model bias for precipitation led to the negative bias for simulations of evapotranspiration and surface evaporation, which is possibly the reason for the large bias for simulation of latent heat flux in South China during summer.
Conclusions
A 40-year simulation of land surface climate over China is conducted using RegCM4.5 coupled with CLM4.5. The initial and lateral boundary conditions are provided by the NCEP-NCAR reanalysis. By analyzing the simulated land surface temperature, precipitation, soil moisture, latent heat flux, and surface evaporation and comparing them with observations, we learned the capability of the coupled model in simulating the land surface processes in various climatic zones in China. It is found that the ability of RegCM4.5 to simulate precipitation and latent heat flux is significantly stronger than that of previous versions of RegCM. Some of the major conclusions are as follows:
(1) The coupled model is very skillful in simulating land surface temperature over China. Several seasonal features (e.g., surface temperature above 15 ∘ C for most regions in summer, large temperature gradient over the land in winter, and land surface temperature contour tending to parallel latitude) are reproduced very well. Furthermore, the model can simulate spatial distribution of land surface temperature as well as the location of the maximum and minimum temperature very well.
(2) The model has better capability in simulating the amount of precipitation and spatial pattern in Northeast China and Northwest China during summer than in other regions. However, large negative precipitation bias also exists for the simulation in the southeast monsoon regions and South China. The model can simulate the center of precipitation during winter very well, but the spatial distribution overall is not as good as that in summer. The seasonal migration of rainband in East China can also be simulated reasonably, except for the large discrepancy in timing of the rainband migration and spatial distribution.
(3) Land-atmosphere interaction has a profound influence on the model in simulating soil moisture. In summer, the model is unable to simulate a coherent spatial distribution of soil moisture in Northeast, South, and Southwest China. However, it can overall reasonably reproduce the spatial distribution of soil moisture in winter. The simulated soil moisture in each zone is also better in winter than in summer. For simulation of monthly variation, the model is not good in North and Northeast China, but much better in South and Northwest China. Through the verification of the simulation ability of RegCM4.5 coupled with CLM4.5 and the analysis of the possible causes of error, the potential application of this work, to a certain extent, is to promote the application of this model to real businesses in China. In addition, it is necessary to point out that canopy interception is one of the important components in the hydrological cycle, and also it is recognized as a crucial hydrological process under a changing climate. The percentage of canopy interception is about 25% of annual precipitation in rainforest region [42] . Yin and Chen [43] calculated RMSE of evapotranspiration from canopy interception for 13 vegetation types using CLM model and found that the simulation error for tropical and temperate evergreen broadleaf trees is larger than that of other types of vegetation. This implies that even if we use the high-quality vegetation data, it is possible that we still cannot obtain satisfying results due to the defect of the model parameterization itself.
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